Glass fiber reinforced polymer ͑GRP͒ composites are attractive candidates for future combat vehicle armor systems. Due to their complex architecture, shock waves in GRP undergo geometric and material dispersion as well as attenuation with distance of shock wave propagation. In the present study a series of plate impact experiments is conducted to investigate the structure of shock waves in the GRP. The effects of material and geometric dispersion as well as the GRP's hydrodynamic response on the attenuation of the shock waves are considered. It is observed that the hydrodynamic effects dictate the structure of shock waves in the GRP. 1 These armor material systems comprise several layers, 2 each contributing to a specific function, e.g., stealth, ballistic and shock resistance, structural stability, fire resistance, etc. One of the most notable recent examples demonstrating the use of such synthetic heterogeneous material systems include composite materials with organic matrices reinforced by glass fibers to develop lightweight structures that can provide structural stability and at the same time contribute to the overall ballistic resistance. While the dynamic response of homogeneous materials ͑e.g. metals and ceramics͒ has been well documented, the ballistic response of heterogeneous material systems is poorly understood. This is partly due to the very nature of these composites, which is a conglomerate of matrix, fibers, and interfaces between fiber and matrix and between different laminae, various layup sequences with different ply orientations, and different forms of fiber arrangements within the matrix ͑particulate, planar, and two-dimensionally/threedimensionally woven͒.
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Under the U.S. Army's Composite Armor Vehicles and Future Combat Systems programs, various lightweight highly damage tolerant composite material systems have been investigated to optimize the performance of potential composite integral armor systems. 1 These armor material systems comprise several layers, 2 each contributing to a specific function, e.g., stealth, ballistic and shock resistance, structural stability, fire resistance, etc. One of the most notable recent examples demonstrating the use of such synthetic heterogeneous material systems include composite materials with organic matrices reinforced by glass fibers to develop lightweight structures that can provide structural stability and at the same time contribute to the overall ballistic resistance. While the dynamic response of homogeneous materials ͑e.g. metals and ceramics͒ has been well documented, the ballistic response of heterogeneous material systems is poorly understood. This is partly due to the very nature of these composites, which is a conglomerate of matrix, fibers, and interfaces between fiber and matrix and between different laminae, various layup sequences with different ply orientations, and different forms of fiber arrangements within the matrix ͑particulate, planar, and two-dimensionally/threedimensionally woven͒.
In an attempt to better understand the dynamic response of heterogeneous material systems a series of shock experiments was conducted at the Army Research Laboratories on glass reinforced polymer ͑GRP͒ matrix composites. [3] [4] [5] These GRP laminates were composed of S2 glass woven roving in a polyester resin matrix with a resin content of 32% by weight. The resin coating of the fabric was performed by American Cyanamide using Cycom 4102 polyester resin. Each laminate was 680 m in thickness and laid in a ±90°g eometry. The mean density was measured to be 1.949± 0.30 g / cm 3 . The elastic constants for GRP are obtained from the phase velocity measurements of ultrasonic waves. 3 The schematic of the target used in the plate impact experiments conducted by Boteler et al. 4 is shown in Fig. 1 .
The target was composed of four layers of GRP plates with thicknesses of approximately 3, 3, 7, and 20 mm, respectively; polyvinylidene fluoride ͑PVDF͒ gages were placed in between the layers to measure the stress history. The GRP laminates were subjected to impact by means of a flat 6061-T6 Al flyer plate at an impact velocity of 273 m / s. As shown in Fig. 1 , gage 1 was placed at the interface between the first two layers, gage 2 was placed between the second and third layers, while gage 3 was placed between the third and fourth layers. The experimental results at each of the three gage locations are shown in Fig. 2 . The peak stress levels ͑as measured by gages 2 and 3͒, are observed to decrease with distance of wave propagation; the rise time increases and the pull-back time decreases significantly as the wave propagates. Moreover, the duration of the pulse, as denoted by the resident time at the peak pressures, reduces from gage 1 to 2 to 3. It is to be noted that the time of arrival of the rarefaction waves from the free surface of the flyer plate does not correspond to the arrival of the release waves at the gages ͑when the peak pressure starts to decline͒. These measured shock profiles are in marked contrast to shock wave characteristics in homogeneous material systems, i.e., a sharp shock front, a flat top, followed by a release wave. An attempt was made by Boteler et al. 4 to interpret the experi- mental results using a viscoelastic relaxation model 6 for the GRP. The viscoelastic model qualitatively reproduces the attenuation of the shock stress as the shock wave propagates through the thickness. However, the model fails to capture the experimentally observed wave dispersion. In particular, the unloading path clearly departs from the model prediction. Even though the viscoelastic relaxation model for the GRP did not consider effects of material damage and geometrical variations and interfaces, it appears that the observed differences may be pervasive and may have a physical explanation. It is to be noted that a thin flyer plate was used in the aforementioned experiments, which results in the formation of a release wave after reflection from the free surface of the flyer plate. As the shock compression wave progresses through the GRP target, the release part of the wave overtakes the shock front; the changes in the shape of the shock wave can be interpreted in terms of the difference between the shock speed and the rarefaction wave due to the well known "hydrodynamic effect." 7 With this as a background, in the present study, a series of shock compression experiments is conducted to better understand the role of wave scattering and dispersion material interfaces, and material inelasticity in determining the structure of shock waves during shock compression in GRP. Unlike the plate impact experiments conducted by Boteler et al., 4 where a thin flyer plate was used, in our present experiments a sufficiently thick flyer plates were employed such that the release waves from the rear ͑free͒ surface of the flyer plate did not arrive in the target plate during the time duration of interest. In this way any hydrodynamic dispersion and attenuation of the shock waves with distance of stress wave propagation in the GRP were ruled out. The plate impact experiments were conducted using the 82.5 mm single-stage gas-gun facility at the Case Western Reserve University. The experiment involves the impact of a metallic flyer plate ͑Al 7075-T6͒ with the GRP target material at normal incidence. Figure 3 shows the schematic of the plate impact configuration used to conduct the present experiments. The flyer plate is accelerated down the gun barrel by means of compressed nitrogen gas. The rear end of the projectile has sealing O-ring and a plastic ͑Teflon͒ key that slides in a keyway inside the gun barrel to prevent any rotation of the projectile. In order to reduce the possibility of an air cushion between the flyer and target plates, impact takes place in a target chamber that has been evacuated to 50 m of Hg prior to impact. A laser-based optical system utilizing a Uniphase™ helium-neon 5 mW laser ͑model 1125p͒ and a high frequency photodiode is used to measure the velocity of the projectile. To ensure the generation of plane waves with wave front sufficiently parallel to the impact face, the GRP target plate was held in an aluminum target holder. The target plates are carefully aligned to be parallel to within 2 ϫ 10 −5 rad by using an optical alignment scheme. 8 The actual tilt between the two plates is measured by recording the times at which four, isolated, voltage-biased pins, that are flushed with the surface of the target plate, are shorted to the ground. The acceptance level of the experiments is of the order of 0.5 mrad. 9 A multibeam VALYN™ VISAR ͑Veloc-ity Interferometer System for Any Reflector͒ laser interferometer 10 was used to measure the history of the normal particle velocity at the free surface of the GRP target plate with a velocity constant of 99.2 m / s per fringe. A Coherent™ Verdi 5 W solid-state diode-pumped frequency doubled Nd: YVO 4 cw laser with wavelength of 532 nm is used to provide a coherent monochromatic light source.
The GRP specimens used in the present experiments were machined from the same batch as used in the study by Boteler et al. 4 A 76.2 mm diameter thick ͑ϳ25.4 mm͒ Al 7075-T6 flyer plate was used in each experiment. The GRP target plates were 54ϫ 54 mm 2 in length and width. Four different thicknesses of the GRP target plates were utilized. The thicknesses of the flyer and target plates are documented in Table I . The acoustic impedance of aluminum and the GRP plates were 17.51 and 6.24 GPa mm/ s, respectively. All impact surfaces were lapped to be within 1 m flatness. An aluminum thin layer ͑ϳ75 m͒ was coated on the free surface of the GRP target plate to facilitate laser-based diagnostics using the VALYN™ VISAR. Figure 4 shows the free surface particle velocity versus time profiles obtained from the four plate impact experiments on different thickness target plates. In these experiments the amplitudes of the shock compression were 865, 824, 874, and 842 MPa, respectively. A distinct knee in the velocity time profile is observed during the rise time of the particle velocity profiles in each of the four experiments. The slope of the velocity time profiles after this knee decreases with the thickness of the GRP target, i.e., with distance of wave propagation. The stress level at which the slope change occurs decreases with increasing GRP thickness. This phenomenon is similar to the elastic-precursor decay observed in elastic-viscoplastic materials and for the case of the S2 glass reinforced polymer composites is understood to be due to a result of both material and geometric dispersion of the shock wave. The effect becomes more prominent as the thickness of the GRP target increases. Following the knee, the shock wave is observed to rise to an equilibrium plateau level. It is interesting to note that the stresses at this equilibrium level are fairly close to each other in all the four experiments; the equilibrium level is observed to drop for the thickest GRP specimen, i.e., experiment LT27, at ϳ7.8 s; however, the time corresponding to the drop in particle velocity coincides with the arrival of the release waves from the lateral boundary of the target plate. In order to understand the structure of the shock waves as a function of the impact stress a series of experiments was conducted for ϳ6.75 mm thick GRP plates for which the amplitudes of the shock compression were varied to be 519, 824, 1461, 2022, and 2611 MPa, respectively. The respective late-time shock wave profiles are shown in Fig. 5 . These wave profiles are very similar to those reported in Fig. 4 and indicate that for the ranges of GRP target thicknesses and impact velocities employed in the present study very little geometric dispersion and attenuation of the stress wave occur as the shock wave propagates through the GRP target.
However, the shock wave profiles reported in Figs. 4 and 5 are quite different from those observed in the study by Boteler et al. 4 In the latter experiments, shock wave attenuation with increasing distance of wave propagation was clearly observed. A possible reason for this response can be attributed to the relatively thin flyer plate ͑6.471 mm͒ used in the experiment by Boteler et al. 4 ͑shot 9919, Fig. 2͒ , as opposed to the 25.4 mm thick flyer plate utilized in experiments LT28, LT25, LT29, and LT27. The relatively thin flyer plate allows to release the wave from the back of the flyer plate to overtake the propagating shock front during the "window time" of the experiment, resulting in a "hydrodynamic decay" of the shock wave amplitude with the distance of wave propagation. These results indicate that material inelasticity and hydrodynamic decay dictate the structure of the shock-compression waves in GRP, while the geometric effects play a secondary role.
FIG. 4. Free surface particle velocity profiles obtained by using the VA-LYN™ VISAR from the four plate impact experiments conducted on different thicknesses of GRP target plates under nearly the same impact loading conditions. FIG. 5. Free surface particle velocity profiles obtained by using the VA-LYN™ VISAR from five plate impact experiments conducted at different levels of shock compression on ϳ6.75 mm thick GRP target plates.
